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ABSTRACT

A Pew series of nematic liquid crystals based on 2 -alkylcarbonato-p'-
alkoxyphenyl benzoates was prepared. Binary and ternary mixtures of selected
derivatives taken from this series exhibited nematic, behavior at or nea., room

temperature. These materials were found to exhibit a highly efficient
scattering system with a gated ac signal at 120 V. A study of the orienta-
tion pattein of domain formation and the generation of disclination loops

was undertaken in an effort to further elucidate the mechanism of dynamic
scattering. A practical and useful technique for the sealing and encapsula-
tion of lf.quid crystal cells was developed. Thi2 procedure was applied to
the fabrication of two numeric indicators and a transmission window which

were furnished unaer the contract.
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4 EVALUATION

I' The objective of this effort was to determine the applicability of theI.• nematic class of liquid crystal materials to Air Force display aoplications.o
Theo primary emphasis of this effort was improvement of the life character-
istics, both through the development of new room temperature materials and
through improved encapsulation and electroding techniques. In addition,
some effort was directed toward developing a model of the dynamic scattering
phenomena,

New room temperature materials were developed. They exhibited highly
efficient light scattering, however, the voltage needed was significantly
higher than that required for previously developed materials. An encapsula-
tion technique which prevents the sealant from coming in contact with theliquid crystal material was developed and successfully applied in the

fabrication of the breadboard models. Although not fully developed, progress
was made in developing a model of the dynainic scattering mechanism.

Since t~he primary goal of obtaining long-life encapsulation was achieved,
no further effort is planned in this area. The phenomena has been .shown to
be display compatible and one may now consider employing these materials tU

• j ~form the types of displays to which they are applicable. One should always
bear in mind the viewing angle constraints and the necessity to carefully
control the direction of the incident illumination.

CHRESM LANK' 2
?2 Project Engineer
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INTRODUCTION

-The two main classes of electro-op tic eff' ects discovered to date are of
the igh-emitting and light-modifying type. The cathode ray tube as well as

electroluminescent and gas-discharge devices are examples of light-emitting
effects which have received a great deal of attention in recent years. The
kinescope requires high voltages to produce the electron beam while electro-

2 ~ luminescent and gas-discharge devices are limited in varying degrees by
spectral response, brightness, life, and natuire of the electrical drive.

Examples of light-modifying effects are fnechanical shutters, saturable
absorberF, Stark-effect or Franz-effect modulators, and effiects based on
field-induced changes of the index of refraccien of a material (Pockels
effect and Kerr effect). Mechanical shutters are likely to be li1mited'by
their speed of response and drive requirements while eaturaible absorbers re-

quire intense optical radiation for operation. 'In -g~athe Stailk and2

Franz effects require extremely high fields and volta es to produce minimal
shifts in absorption spectra. In addition, siJecytl ntraoa
needed for optimaim performance. The liiiear electro otc efet(rioks
effect) also requires high voltages and fields in additian to 6-train-free --
single crystals lacking inversion symmetry. The Kerr effect snares the
high-voltage requ~irements of the linear- electro-otitic effect.2

[This report is a detailed account of -aur efforts to further investigate -Lthe nature and ýscope of a newly disc*,;ered~ir' electra-opticý effect of the
light-;modifying type wOhich we call dff~i ecatterinq. Although the
mechanism of ihis ef f ect has not been cbmpletely elucidated, the scattering
is believed to -be due to -the disrup-titre effects ol ions in ZŽransit through
the oriered 'gtrudtidte of certain. classes Obf tematic liquid crystals. Since
microscopic examination of the olectridaily activated liquid reveals a
turbul~ent condition, the sc&tter-ing is said to be dynamic.

The major objectives of the presedt investigation were the deve~lopment
of: (1) new room- temperature neitAtic Eystems -which exhibit -dy~aamic scatter-A
ing, (2) a model f or the mechhannisi of the -dynramic sc~ttering mode, and()
encapsulation techniques which provide long life ý)f -the -dlsr.lay devices
based on dynamic scattering. 'These developmehts werie5 succebs-fully carried
out under the contract, and 1-1he results were applied to the f abricatibn of
ord6ttype numeric. indicators-i-hich uper~te at low4 voltage 'and over a wide
range of temperatures and -ambient light conditions (from -capln . darkno.ss to
direct 'sunlignt). Devices of this type are expected to be useful fdr coct~it
and computer readodt displays.

A1

A1



SECTION II

[• MATERIALS

A. GENERAL

Since the field of liquid crystal has been the subject of several re-
view articles[2,31 a comprehensive discussion will not be attempted here.
However,a b:.ief discussion of some general principles will hopefully facili-
tate a better understanding of the effects involved.

"Liquid crystals" are organic w•aurials tnat have the mechanical proper-
ties of liquids but possess the optical properties of crystalline solids.
The liquid crystalline or mesomorphic state is exhibited over a specific
temperature rsnge. Thus, the crystalline solid will be converted to the
mesomorphic state at the crystal-mesomorphic transition temperature and to
the normal isotropic liquid at the mesornorphic-isotmopic transition tempera-
ture. Both of these transition temperatures are characteristic of specific
compounds, and since they are thermodynamically reversible, they can be
observed either upon beating or cooling the materials.

Liquid crystals are by no means rare and approximately one out of every
200 organic compounds exhibits mesomorphic behavior. Three main types of
mesomorphic states have been recognized; they have bcen designated as the
smectic, cholesteric and nematic mesophase. The smectic masophase is
stratified, with the molecules arranged in layers, their long axes parallel
to each other in the layers and approximately normal to the plane of the
layers. The layer thickness is about the length of the molecule or 20 X.
The mclecules can move in two directions in the plane and they can rotate
about one axis. Within the layers, they can be arranged either in neat rows
(Figure 1) or randomly distributed. The planes can slide, without hindrance,
over similar neighboring layers.

The cholesteric mesophase is found primarily in derivatives of choles-
terol, especially the esters. The microscopic structure consists of parallel
layers about 2000 A thick. The direction of the long axis of a molecule in
a chosen layer is slightly displaced from the direction of the axis in adja-
cent layers and produces a helical design (Figure 1). The material changes
color as a function of small fluctuations in temperature as a result of
chanees in the pitch of this helix.

The term "nematic" is derived from the Greek word meaning thread since
it describes the thread-like lines which these materials exhibit under a
microscope. A sample of nematic material contained in a vial appears as a
viscous, turbid, off-white liquid. The molecules of a nematic compound are
arranged with their lcng axes parallel. In contrast to smectic materials,
however, the molecules are not arranged in layers and are free to slide past
each other (Figure 1). This arrangement permits nematic molecules to be
oriented by electric and magnetic fields. This orientational effect makes

- the nematic state the most attractive mesophase for study under electric
field.

2
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CHOLESTERIC SMEITIC

I Figure 1. Molecular arrangements in the liquid
crystalline state.

B. SINGLE NEMATIC COMPOUNDS

Although a large number of nematic materials have previously been pre-
pared, very few known compounds exhibit crystal-nematic transition tempera-
tures at or below room temperature. In the past most workers were concerned
with the synthesis of compounds with high nematic thermal stability (a high
nematic-isotrQpic transition temperature), and as a result of the relatively
high molecular weight of the compounds which they prepared, high crystal-
nematic transition temperatures were obtained. Our efforts during the past
several years have, therefore, been directed toward the preparation of com-
paratively low molecular weight materials[4,5]. This work led to the develop-
ment of materials which exhibited nematic behavior at room temperature. The
research reported under this contract was directed toward the preparation of
room-temperature nematic systems which differed from those previously re-
ported.

Molecules that exhibit nematic mesomorphism are generally cylindrically
shaped and possess polar and/or polarizable groups in addition to aromatic

3
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rings. The compounds selected for atudy possessed these characteristics as

they were derived from p-alkylcarbonato-p'-alkoxyphenyl benzoates (I)

R J'O --0 -0 OR

I (R,R' =CH2 n +C

The compounds were prepared in three steps by the following synthetic route;

SC02H C 02 H

S4-~~ C-C OR'-

H OCOR'
N OOHKOC

Cg N

COO'OR

00-jR' O

Both the alkyl chloroformates[6] (II) and alkoxphenols[6] (IIl) contained

from one to seven carbon atoms in a straight chain * . The products, which

* were obtained in 40 to 60% overall yield, were purified by repeated redrystal-
lizations from hexane. Recrystallization was continued until the nematic-
isotropic transition temperature was constant and reversiblej7]. This re-

sulted in materials with resistivities of 109 to I0!0 ohm-cm. The com-
pounds were then characterized by elemental analysis[8]. The transition
temperatures were measured in open capillary tubes with an Arthur H. Thomds
Unimelt apparatus[9]. The results of this work are presented in Table I.

Of the 48 compounds that were prepared 27 exhibited enantiotropic be-
havior (melting point be•Z nematic-isotropic transition), 14 were mono-
tropic (melting point above nematic-isotropic transition) and on'.y seven
were non-nematic. Since the supercooled nematic mesophase (monotropic state)
may crystallize at any time, compounds which exhibit this type of Nehavior
are not suitable for the construction of electro-optic cells. Thus, we must

consider only the 27 enantiotropic compounds useful for study under electri-
cal excitation.

"*In several cases the alkoxy chain contained eight carbon atoms.

4I
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2 TABLXE I

p-Alkylksrbonsto-p '-Alkoxypherkyl BenzoatesQ,

0 0

R OCO c- -ýO

CrsalNItc Nem tic-Isotropic.
(140. R rm*to Transition

2i CACl8611

4 C&H9 H 91 96

53 5H CHS -- 8og ( 8 6)b

61411 C2H3 75

15 CILH CR b
25 11(2

C )b

11 CA3 -- 7~8(60)

17 q-CHg CA9(8)

25 31*7 C -- 81C78)b

14 C6HI3 C3 1 7  75 791

19 C4 H9 a CAH 70 8

20 t5H 1  C3 H7  -- 78 (6 0) b

22 C15 C3R7  58 689

18 C3"7 157,

23 -CH11 C3 1l7 -- 48865)

8 17

2Z4 CH CA A 70 (7

(a) Not nematic;b) Monotropic.(5b
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TABLE I (Continued) 3

II...! - I Crystal-!Namatic Newetic-Isotropie.
NU. R R Transition RrarsitJon

25 c C4; 49 90
(6b

26 1 C3 R7  CA19 - 70 (67 )~

27 CAH9  C4H9  74 81

2p j C~ 1  CH 53 69

29- C60 1 3  C4 H9  44 84

JO c CH 45 74

31 c874F - 77a

324 CH cs -A- 54 (53)b

33 CH c• 59 74

35 C5Hl 53 74

37 CcI CHll 42 76

33 CH! C5•1 47 72

39 CH3  CH 1  -- 57 (56

40 C2H5 C61 64 79

41 C C H 71 86

42 CA C6Hj3 48 91

43 c• C6 41 89

46 CH3 c. 55 81

(a) Not nematic;(b) Monotropic.



V EIn order to facilitate a-Better understanding of the effects of changes
in molecular structure as a !unction of mesomorphic behavior, the data of
Table I have been used to construct a series of phase transition plots.
These diagrams (Figures 2 through 13) illustrate the changes in phase transi-
tion temperatures with an increase in the length of an alkyl chain attached
to a terminal position of the molecule. It is well known[2] that when the
nematic-isotropic transition temperature for a homologous series of com-r
pounds, e.g., in a series of n-alkyl ethers or esters, is plotted against the
number of carbon atoms in the alkyl chain, a regular alternation of the
nematic-isotropic transition temperatures occurs. This behavior, which was
found to occur with all of the series reported here, has been explained by
assuming that the alkyl chains adopt the "cog wheel" rather than the "zig zag"
conformation in the mesomorphic state[2].

Another well-known phenomenon which occurs with liquid crystals as well
as with some other organic compounds is a decrease in the melting points
cf derivatives of a homologous series of compounds with an increase in the
length of an alkyl chain. Since the melting characteristics of a compound
are largely determined by the strength of intermolecular interactions in the
crystal lattice, it follows that a reduction in the strength of these inter-
actions by separation of the active centers of charge would produce l~ver I

melting materials- - Thus, as we increase the length of an alkyl chain the r
dipolar (alkoxy) and polarizable (azomethane) centers of the molecule become

P furthei separated from one another, and lower melting points are produced.

It, the first series of derivatives (Figure 2) the methyl carboDato
rS group produces such strong terminal intermolecular attractions that exten-

sion of the chain in the alkoxy portion (OR) does not produce a dramatic
reduction in melting point until the chain contains seven carbon atoms. How-

ever, as we proceeded to increase the chain in the carbonato ester portion of
- the molecule these terminal interactions were reduced. Thus, compounds which

contain from four to six carbon atoms in the carbonato chain gave a lower
melting series of derivatives and as a result a larger number of enantio-
tropic compounds (Figures 5, 6, and 7). Similar results were obtained when
the alkoxy chain was kept constant and the carbonato chain was extended as
illustrated in Figures 8 through 13. A summary of this effect is presented
in Figure 14 which illustrates a dramatic reduction in melting point when
both chains are increased simultaneously. This plot also shows a systematic
increase in nematic thermal stability with increasing chain length.

The above results might lead to the conclusion that a further increase
in the lengths of both the carbonato ester and alkoxy chain would produce
compounds with lower melting points and even wider nematic changes. Past
experience, however, has shown that chain lengrhs of eight or more carbon
atoms produce such weak terminal interactions that the critical balaace of
lateral to terminal attractive forces is upset, and the lateral interactions

become important. An increase in the ratio of lateral to terminal cohesions
always results in the appearance of smectic behavior (the smectic mesophase
does not respond to low voltage electric fields). Further increases in the J
chain length then result in increased smectic thermal stability and shorter
nematic ranges. In order tr! produce materials with lower melting points and
wide nematic ranges, it was therefore necessary to use a mixLure of nematic
compounds.

7
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C. MIXED NEMATIC SYSTEMS

Mixtures of linear, non-mesomorphic volecales with nematic compounds
have been investigated previously. These systems are always characterized
by a sharp decrease in both the nematic -÷ liquid and crystal - nematic
transition temperature with increasing concentration of non-mesomorphic
component. An example of this type of system has recently been reported[10] P
with mixtures of p-amoxyanisole (nematic) and L'-chloraniline (non-meso-
morphic). The phase diagram for this binary mixture is illustrated in
Figure 15.

Mixtures of two or more nematic compounds which possess subtle differ-

ences in molecular structure do not exhibit decreases in their nematic -

liquid transition temperatures with molar composition although eutectic
points for the crystal + nematic transition temperatures are obtained. An
example of this phenomenon was first reported by Demus[ll]; a phase diagram
for the binary system which he used is illustrated in Figure 16. Thus, the
nematic -) isotropic liquid transition temperatures form a smooth curve over
the entire range of molar composition.

These effects can be explained by the following model: The molecules
of a non-mesomorphic guest are randomly oriented in a nematic host, and the
presence of small quantitites is sufficient to cause disruption of nematic
order. This is illustrated in Figure 17(b) where the dark ovals represent
the non-nematic guest, On the other hand, mixtures of namatic compounds
with almost identical structurzs have stable mesophases at all molar compo-
sitions because all the molecules are oriented in the same direction. This
results in the formation of a "nematic lattice" as shown in Figure 17(c).

These concepts were successfully applied to binary and ternary mixtures
of several carbonato deriratives of Table I. Thus, a series of binary mix-
tures of compounds 44 and 45 was prepared and the transition temperatures
measured. The results are presented in Table II anad Figure 18.

The eutectic mixture (40% A, 60% B) had a crystal - nematic transition
temperature at 27*C and a nematic isotropic transition at 73*C. It was
possible to obtain materials with even lower crystal -* nematic transition
temperatures by preparing ternary mixtures containing compounds 36, 37, and
38. These results are shown in Table III and a ternary phase diagram is
presented in Figure 19. The eutectic mixture (20% A, 40% B, and 40% C)had a crystal -ý nematic transition temperature at 24%C and a nematic -)-iso-

tropic transition at 76 0C. In addition, seven other mixtures which had
crystal - nematic transition temperatures below 30*C were prepared by thisi technique.
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TABUE T-1

-Binary -1fl1xtures Of Catbonato -Esteýrs

A~ I(R-C17 1 3, 1 (R C -H -42-

Mole- % Transtcl-on jemoý,eraturesý.2~

A -Crysýtp --ý Neimatic Ne~i 4IQLo-~

100 -- 44 84I90 10 -41 -841
80 20- 38 -82 I

70 30 3-? 79
60 40 35 77

50 -50 3s 14 -

40 -60 2773

30 70 28 j7]
20 1 80 34
10 - -0375-1-

10 ~90358_

TO -V-54 r-

AA

ý2025



TABLE III

Ternary Hixtures of Compounds Taken From the Series:

CAI1 OCO 2p CO2 -,4& OR

R C5H11 (A), C6 H1 3 (B), C7 H1 5 (C)

Mole % Transition Temperatures, 'C

A B C Crystal -ý Nematic Nematic -4 Isotropic

50 50 0 30 80

0 50 50 35 74

50 0 50 28 83

33 33 33 27 79

10 15. 75 38 74

15 75 10 29 76

75 10 15 30 82

40 40 20 31 78

40 20 40 26 79

20 40 40 24 76

50 25 25 27 78

25 25 50 26 74

25 50 25 31 77
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SECTION III

ELECTRO-OPTICAL RESPONSE MEASUPMENTS

Measurements of the electrical characteristics and optical response

behavior of electro-optic cells fabricated with one of the carbonato ester
compounds (p-butylcarbonato-p'-ethoxphenyl benzoate, compound 25) were I
carried out by procedures previously described[l]. The recorded data were
taken with a 1/2-mil cell heated in air at approximately 550 C. Tin oxide
coated plane-parallel quartz plates were used to make electrical contact
and to contain the nematic material.

Si010
The initial resistivity of a freshly prepared cell was 2 x 10

ohm-cm. Application of a high dc field (150 kV/cm) was necessary to
achieve dynamic scattering due to domain formation in the liquid crystal-
line material. However, the efficiency of light scattering was consider-
ably lower than that observed in other nematic materials. A rise time of
35 msec and a contrast ratio of 3:1 was measured for a 200-V dc addressing
pulse. The natural relaxation time constant of this cell was about 100
msec. Much better results yere obtained using a low-frequency ac signal.
A 30-Hz gated signal at 120 'I produced a highly efficient scattering
system. However, higher frequencies required even higher voltages to pro-
duce light scattering and above 100 Hz no scattering at all was observed.
Similar results were obtained with the room-temperature mixture described--
in Section II.

Two models have been suggested to explain the behavior of these
materials under electric fields. In the first model the molecules of the
nematic compound are oriented with their long axes perpendicular to the
electrode surfaces (haemotropic behavior). This orientation presumably
occurs as a result of the strong attraction between the carbonyl group and
the tin oxide coating. Thus, between cross polarizers the light is ex-
tinguished. Application of an electric field produced a reorientation of
the molecules such thai they begin to align themselves with their dipole
moments in the direction of the field. This process produces differently
oriented regions of the birefringent material and light scattering occurs.
If the polarity remains fixed (as with dc), the light scattering will be
transient since scattering oczurs only during the realignment process. How-
ever, if the polarity is reversed every 1/30th of a second, the molecules
will be in dynamic realignment and light scattering will be continuous.

The second model assumes that impurity ions present in the material
are rapidly swept to the electrode surfaces under dc excitation. The
disruptive effect of ions in motion through the oriented nematic material
gives rise to the transient scattering effect. Under ac excitation, how-
ever, the ions would be reversing their direction every 1/30th of a second
and dynamic scattering would be observed.

We were unable to distinguish between these two models on the basis of
available information. Further experiments will be required to elucidate
the mechanism of this process.
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Since these materials required higher voltage for operation than
materials previously developed by RCA, we did not use these compounds in
the display devices currently furnished under the contract. However, it
is anticipated that fabrication of novel display units in the future will
require materials with characteristics which these compounds exhibit.
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SECTION IV

MECHANISM OF DYNAMIC SCATTERING IN NEMATIC LIQUID CRYSTALS

In these studies we concentrated on two problems: First, we investi-
gated domains, in particular the underlying orientation patterns, in
various nenatic compounds. Second, we studied the generation of disclina-
tions (= linear alignment discontinuities) in electric fields and their
disappearance upon the removal of the field. The latter experiments were
restricted to p-azoxyanisole because all of the material constants are known
for this material.

A. DOMAINS

It is well known that conducting nematic liquid crystals do not always
align in low-frequency electric fields in a direction of maximum polar-
izability. This is particularly true of those materials whose dielectric
anisotropy is negative, such as p-azoxyanisole. (Negative dielectric
anisotropy means that the dielectric constant parallel to the unique axis is
smaller than that perpendicular to it.)

A few years ago Williams[12] reported that certain nematic liquid
crystals, among them p-azoxyanisole, can adopt a periodic optical texture.
The phenomenon is observed if an electric field is applied to transparent
sandwich cells. The stripes or cigarlike entities constituting the pattern
were named "domains". Similar periodic patterns were reported afterwards
by a number of workers[13] on various materials; the sample thicknesses
ranged from 6 to 500 p.

Williams suggested ferroelectric molecular ordering as one possible
explanation for domain formation. in his static model the unique axis of the
nematic material is assumed to be polar and in directions parallel to the
domain walls. Scupe[14]proposed a connection with material flow. A dynamic
model would not contradict the nonpolarity commonly ascribed to the nomatic
order. A fairly compiete\theory of domain formation of the latcer type has
recently been developed by RCA[15]. Besides material flow, we employ such
concepts as anisttropic conductivity and polarizability, ;.xace charge, and
shear-induced and distortional torques acting on the unique axis.

Generally, the theory predicts that the domain width roughly eq-als
the sample thickness at the threshold voltage of formation and that this
voltage is indeperdent of thickness, A threshold voltage of a few volts is
calculated for p-azoxyanisole, the only case in which the required 12
material constants are known. In all three points there is agreement with
experiment[12,13,16]. For the same material, the theory predicts not only
the strived optical texture but the type of orientation pattern giving
rise to it.
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I In order to detect the orientation pattern in p-azoxyanisole (nematic
range 118-135*C) we did the following experiments, using sandwich cells
made up of tin-oxide-coated glass plates and 2.5 x 10- 3 -cm-thick teflon

spacers. The novel. feature was a uniform alignment of the unique axis
parallel to the glass in the fieldless state. It was achieved by the
familiar method of rubbing the glass, for instance with a cotton swab and
some p-azoxyanisole as lubricant. The unique axis aligns parallel to the
direction of rubbing, which was checked by observing the dichroism of the
sample[17]. This and the other observations were made in transmitted light
under a polarizing microscope.

With the many cells studied it was always found that the domains run
perpendicular to the direction of the unique axis in the fieldless state.
The photo of an example (Figure 20) shows scratches due to rubbing; it was
taken when only part of the sample displayed domains, as was often the case
near the threshold voltage. Linearly polarized light was used although the
domains were visible without polarization. Both polarizers passed light
whose electric vector vibrated in the direction of the unique axis in the
fieldless state. If the pair was rotated by 90* the domains were not
visible. It follows that the effect of the electric field consists in
turning the unique axis into the direction of the field.

Figure 20. Incomplete domain texture of p-azoxyanisole as observed
near the threshold voltage (^ 3 volts dc). Scratches
indicating the direction of rubbing are seen in the
lower part; total width of picture about 2 mm.
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A periodically distorted orientation pattern which agrees with our
observations and the common assumption of fixed boundary alignment is
sketched in Figure 21. The optical anisotropy being positive[17], light
coming from below emerges concentrated in the left half and diluted in the
right half of the figure if its electrical vector vibrates in the plane of
the drawing. (The light should be displaced without changing its direc-
"tion.) An exact optical analysis of the actual orientation pattern would
require collimated light.

[ X

Figure 21. Periodically distorted orientation pattern as inferred
from experiments. The local alignment is indicated by
orientation lines (they are tangential to unique axis).
The pattern represents a cross section perpendicular to
the axes of the domains.

Periodic distortions like that sketched in Figure 21, whose "wave
vector" is parallel to the unique axis in the undistorted state, are in
accord with the aforementioned theory. Not surprisingly, the turbulence
superseding the domains at higher voltages could be seen with both polarizer
settings, which indicates stronger disturbances.

Domains and their orientation patterns were also studied on two other
compounds. The samples were prepared as in the case of j-azoxyanisole, but
the results were quite different. N-p-methoxybenzylidene-2-phenylazoaniline
(nematic range 150-183*C) always showed a minority of domain walls which
were more or less parallel to the direction of rubbing and which were seen

F in light whose electric vector was parallel to that direction. In
p-anisaldazine (nematic range 169-181!C) domains were visible only if the
electric vector was parallel to the direction of rubbing. This agrees with
p-azoxyanisole but the long axes of domains usually were at 450 to the
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direction of rubbing, often forming a rectanguldr network. Our theory of
domain formation allows for more complicated patterns than the particularly
simple one observed with and predicted for 2-azoxyaniscle. However, theory
and experiment cannot be compared for other coDpounds because their
material constants are not known.

B. DISCLINATIONS

Nematic liquid crystals often are turbulent in a strong enough electric
field. Because of its optical anisotropy a liquid crystal is comparable to
a polycrystalline solid when it is turbulent. This explains why it scatters
light (dynamic scattering). We studied the turbulent state with a view to
finding nematic threads or dis alinations. In our first experimernts we used
sandwich cells of the type employed for the generation of domains and
dynamic scattering. Threadlilc structures were indeed observed in nematic
p-azoxyanisole under the microscope, forming small and irregular loops. The
loops are constantly changing; they contract and vanish rapidly when the
field is turned off. However, they tend to prolong the lifetime of the
scattering state. Their contrcl or prevention seem therefore desirable, at
least at first sight.

In order to facilitate the observation of disclinations a second type
of cell was used in all the following experiments, consisting of two uncoat-
ed glass plates separated by two parallel platinum wires which served both
as spacers and electrodes. The wires were 50 to 250 p thick and 1 to 2 mm
apart. Nematic p-azoxyanisole filled the space between and beyond them. in
contrast to the previous setup this geometry permitted the generation of
large and relatively very long-lived diszlination loops. Two contracting
loops photographed a few seconds after turning off the field are shown in
Figure 22. Applying a rising dc voltage we found loops to appear at about
30 V, preceded by bright areas a; 10 V. Both were mostly mobile which
suggests generation in the bulk. When the voltage was on, new ioops were
constantly forming and others contracting, the speed of fo-mation rising
with voltage. The decay time after switching off was independent of volt-
age, increased with thickness, and was 0.5 to 15 sec for average-sized
loops. This demonstrates that threads may have a strong effect on the turn-
off time in electio-optical effects.

In other experiments we used glass plates that were rubbed in one
direction with a cotton swab before the cell was assembled. Otherwise, the
setup was the same as before. The uniform wall alignment caused by the
rubbing was perpendicular to the direction of the field. This appeared to
prevent the formation of loops in the bulk. However, there was still a
very effective generation at the electrode wires. When the field was turned
off some loops were usually found which were not associated with the elec-
trodes. Theory predicts that within a loop the alignment should rotate by

an integer multiple of w as one goes from one glass plate to the other.
This could not be proved directly, because in weakly twisted orientation
patterns the light rotates with the unique axis. However, the enclosed
areas were slightly yet distinctly darker than the rest of the cell. The
only plausible explanation seems to be a twist of the orientation pattern.
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Figure 22. Two contracting disclination loops, photographed a few
seconds after removal of the generatiag electric field.

If the -glass was not rubbed to produce uniform wall alignment, some
disclinations attached themselves to one of the walls, forming straight or
curved lines. A higher threshold voltage was needed for the attachment than
for the generation in the bulk. Surface disclinations differed from those
in the bulk by a thinner appearance, longer lifetime, and interaction with
irreg--!arities on the wall. Besides, they were frequently open-ended rather
than closed loops. Often quasi-stationary remnants of these surface dis-
clinations acted as nuclei for the formation of bulk disclinations when the
voltage was turned on again. Wall disclinations were also observed many
years ago in nonelectrical experiments[17]. It is not ciear to us how they
can be attracted by the wall without collapsing.

A special class of disclinations was generated in thick samples (ca. 10
mils). They were in the bulk but thicker than the regular bulk disclina-
tions. Usually these disclinations did not form loops but branched into
two disclinations of the normal, thinner variety. We suspect that around
the thicker disclinations the alignment rotates by 3600 while the iotation
is 1800 around the thinner ones. Our observation and interpretation are in
line with similar branching phenomena observed by other workers in choles-
teric liquid crystals relaxing from a stretched configuration (produced by
a magnetic field) into their normal twisted state.

The formation energy of disclinations per unit length is unknown; it is
infinite in the crLdest theoretical approxiiaation. The actual value depends
on the composition of the core (central portion of lisinclination line)
which sometimes is assumed to be isotropic. In an effort to see this core
we developed a procedure to produce the so-called Schlieren texture in the
nematic phase of p-azoxyanisole. Isotropic p-azoxyanisole was kept between
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two glass ýplates without any spacers. The mat:erial was then rapidly cooled
into the neamatic state, with the borderline przgressing from one side of
the cell to the other. No electric fields 'we~ce used. The orientation
,Attern corresponding to the Schlieren texture is characterized by a multi-

tude of disclinations connecting and perpendic,,lar to the glass 'plates of
the sandwich cell. Observation in transmitted light under a polarizing
microscope showed the cores to be much brighter than their surroundings, the
brightness being rather independent of the setting of the polarizers. It
-was found that the core diameter is smaller than 2 p. A satisfactory s'tudy
of the core 'was not possible, at least not with the available microscope.

The study of the orientation pattern in domains indicates, as ,do other
observations, that domains are associated with flow and thus a hydrodynamic
phenomenon despite their static appearance. The turbulence and irregularity
which start at abnut 'twice the threshold voltage of 'domain formation (in the
cells used for "dynamic scattering") are associated with the formation of
disclinations, at least in p-azoxyanisole. In the -experiments 'with the
field parallel imstead of perpendicular to the giasa pl'ates we also observed
a connection between turbulence and the generation of disclinations. These
results seem to suggest that the breakdown of the domain pattern may result
from the formation of disclinations in a sufficiently distorted orientation
pattern. Further experiments are needed to check this hypothesis.
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SECTION V

FABRICATION AND ENCAPSULATION

Some problems associated with the fabrication of electro-optic cells
containing nematic liquid crystals are discussed in this section. In
addition, the various techniques which were employed to effect hermetic
sealing and encapsulation of these devices are presented.

Studies completed prior to the contract had indicated that liquid
crystal cells degraded under o•eration much more rapidly (i~e., 5 times
faster) when not protected from contact with the air. Tests made in a
nitrogen ambient indicated that the operating life of the cell was propor-
tional to the total amount of charge passed through the cell for a given
material. For anisylidene-p-aminophenylacetate cell failure under dc
operating conditions occurred after the passage of 12 coulombs per squaIe
centimeter. Thus, for a cell operating at a current density of 6 pA/cm.
the life is

JTLIFE = QLIFE

TLIFE 12 2 x 106 seconds = 555 hr
L 6 x 106

For an operating current density of 1 pA/cm2 the -lifevwould 'be 3330 'hours.
Operation under ac excitation in a nitrogen ambient yields lifetimes which
are at least a factor of 25 greater. Thus, with the need for ;protecting
cells from the ai- for longer operating 1-ife clearly established., several
encapsulation schemes were conceived and e'aluated.

Encapsulation of such a simple device structure at first glance seems
straightforward. One immediately thinks of sealing the edges with an epoxy
cement. This proved to be an unworkable solution due to chemical reaction
between the curing epoxy and the liquid crystalline material 'resulting in
an accelerated failure of the cell. Similar approacheszusing 'silicone
cements were also unsuccessful for similar reasons. Of all 'the epoxies
tested, "Torr-Seal", a low vapor pressure epoxy made by Varian Corp-., gave
the best results. Cells sealed using the material operated for 50 % of
the life found in a nitrogen ambient.

The aforementioned technique involved sealing the cell with the liquid
crystalline material in the cell. An alternative approach is to fabricate
and seal the cell prior to the injection of the liquid through capillary
tubes which are later sealed. Various glass frits (Owens Illinois, Vita)
were tried as the sealing agent and fired prior to the injection of the
liquid. While excellent seals were made using this technique (leak rate
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< 10-11 cc/see) devices showed signs of decomposition after only 6% of the
life measured -in the nitrogen ambient and became inoperative after only 35%.
These 'failures are probably attributable t3 products inLroduct.d into the cell
during the firing of the glass frit. Since subsequent cleaning of the cell
was not practical these byptoducts remained in the cell and interacted with
the liquid crystalline material when it was introduced.

Another sealing technique consisted of using a polyethylene gasket
(1/2Tal m hick) as both the cell spacer and encapsulant.. Upon heating a cell

- the liquid crystal to 1200C the polyethylene gasket would soften
and bond 'together the top and bottom pieces of glass which make up the cell.

Initial problems with this technique centered about poor seals produced by
rippling of the -thin gasket. Subsequent seals involving slightly lower
processing temperatures resulted in cells which had lifetimes superior to the
•previously-discussedmethods. The major disadvantage of this procedure,
however, is-that the -thickness of the sealant cannot be greater than 1/2 Mil,
the necessary electrode separation. Large-area cells would be difficult to
-seal -due -to -the tendency of the thin polyethylene gasket to ripple. Attempts
using Mylar, Lexel, or Cel-lophane -to replace polyethylene were unsuccessful
-due -to interaction -of these materials or impurities-present in these materials
with -the l-iquid crystalline:mater-ial.

-The most useful and practical technique for encapsulation of liquid
crysta-. devices involves a combination of the methods described above. Seals
of this type were used in the state of the art devices provided under the
contract ,-(ee Figures 25 and 28). In this method the bottom glass-plate of
the device is made slightly -larger than the top. A-glass box is bonded to
the ,bottom plate (covering the top plate) by a polyethylene gasket -seal. The
glass-polyethylene seal is further reinforced with Torr-Seal. In order to
'remove ,traces of moisture, a small amount of desiccant was also encapsulated.
in the :bOx. A schematic drawing of this encapsualtion technique is shown in.
Figure 23. Cells made by this technique have shown no signs of degradation
-after 700 hours of continuous operation.

TRANSPARCNT POLYETHYLENE
TOPELECTR-DE" SEAL

•FAR SLOE) BACK
~FAR SDE) I ELECTRODE

/'PATTERN

TEFLON
/SPACER

/

CbT COMMON ELECTRODE

TRANSPARENT
b TOP EL-ECTRODE

AFTER ASS'Y

COMM~ON CRYSTALA

7igure 23. Assembled liquid crystal cell.
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An investigation of transparent conductive coatings was also under-
Staken to study the quality oil the various coatings and to determine which

coating would be most suitable for liquid crystal display devices. Four
different coatings- were studied. They are:

a. Sputter-deposited indiu.m oxide on soft glass by PPG[20]

b. Vapor-deposited tin oxide on FN glass by RCA

c. Electropane (tin oxide) on soft glass by LOF[191

d. Electropane (tin oxide) on Dynasil by LOF[19]

* Sputter deposition of indium oxide on soft glass has the advantage of not
warping the ine!xpensive soft glass during the coating procegee. However, the
-sultant coating is very soft and susceptible to scratches. Warping of the
glass can be a serious problem because the 1/2-mil electrode separation must
be maintained over the entire cell area in order to preserve field uriformity.

The vapor-deposited tin oxide on FN glass, which was prepared at RCA,
resulted in warped plates. This warping was presumably due LO the high
temperature at which deposition occurred. In addition, the coating was
found to be porous (determined by scanning electron microscopy, see Figure 24)
and thus vulnerable to contamination. Similar results were obtained by LOF
with vapor deposition of Electropane on soft glass.

This highest quality material obtained to date was, therefore, the
iDynasil plates (synthetic quartz) with an Electropane coating prepaied by LOF.
The coating is smooth, uniform, and relatively rugged. Furthermore, little
or no warping of the Dynasil plates occurs during vapor deposition. However,
a major disadvantage to the use of Dynasil is the cost, which makes this
material about an order of magnitude more expensive than soft glass.

An ideal compromise between cost and quality would be to sputter-deposit
tin oxide on soft glass. This was successfully accomplished on a small scale
and appears to be an attractive technique for the preparation of these plates.
Hence, we plan to purchase a large sputtering target for this purpose. The
state-of-the-art devices prepared under this contract, however, were fabrica-
ted with either Electropane-coated Dynasil obtained from LOF or sputter-
deposited indium oxide on soft glass obtained from PPG.
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SECTION V1

STATE-OF-THE-ART DEVICES

Several liquid crystal devices were fabricated and delivered to the
contract monitoring officer. These included the following:

1. A two-digit reflective liquid crystal cell (2 in. z 2 in. x 3/8 in.)
which was encapsulated by the glass box technique previously described.
The cell was mounted on a printed-circuit board.

2. A two-digit transmission type liqu I crystal cell (2 in.x 2in.x3/8 in.)
which was also encapsulated by the glass bo:: technique and mounted on a
printed circuir board. A special louvered plastic (from 3M Company), which
allows the transmission of light at only one angle, was attached to the
back of the display. This results in improved contrast when the display
is viewed with transmitted light aince light is scattered in all directions
"at the points of electrical activation. The cell is shown in Figure 25.

3. An integrated dtiving circuit (Figure 26) which is capable of
addressing one seven-segment numeric indicator. The output connectors in
this package have been paralleled in order that both digits of the display
may be activated simultaneously. The entire package is compact
(2 in. x 4 in. x I in.) and contains a rechargeable battery (Figure 27).

4. A 4-in. x 4-in. transmission type liquidi crystal cell encapsulated
by the glass box technique and displaying a TV test pattern (Figure 28).
The pattern was defined by staxidard photoetching processes. The display
is activated by a rechargeable battery.
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-~ Figuze 27. Numeric indicator with CODornpn~ts exposed.
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Figure 28. Transmission type liquid crystal cell.
displaying a TV test pattern.
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SECTION VII

CONCLUSIONS

The development of a new series of room-temperature nematic materials
has been achieved. This was accomplished through the use of mixtures of
selected 2-alkylcarbonato-p'-alkoxyphenyl benzoates. Compounds which
contained from six to seven carbon atoms in both the ester and ether portion
of the molecule gave the lowest melting points and widest nematic ranges. A
number of binary and ternary mixtures of these materials exhibited nematic
behavior at or near room temperature.

The carbonato esters were found to exhibit a highly efficient light-
scattering effect with a 30-Hz gated signal at 120 V. However, this is about
100 V higher than that required to activate previously developed materials.
Two mechanisms have been postulaLted to explain this behavior, but it has not

been possible to distinguish between these two mechanisms.

An attempt to further elucidate the mechanism of dynamic scattering was
made. The turbulence and irregularities p1.asent in liquid-crystalline
materials which are in the dynamic scattering mode were found to be associated
with the formation of disclination loops. Further experiments are needed to
determine the origin and nature of these disclinations.

A glass-box technique has been developed for the sealing and encapsula-
tion of liquid crystal display devices. Cells made by this technique showed
no signs of deterioration after 700 hours of continuous operation with a
gated ac signal.

This technique was used to fabricate two numeric indicators and a
4-in. x 4-in. transmission window displaying a TV test pattern.

1

'Ii



REFERENCES

1. G. H. Heilmeier, L. A. Zanoni, and L. A. Barton, Proc. IEEE, 56, 1162
(1968).

2. G. W. Gray, Molecular Structure and the Properties of Liquid Crystals
(Academic Press, London, 1962).

3. G. it. Brown, W. G. Shaw, Chem. Rev., 57, 1049 (1957).

4. J. A. Castellano, J. E. Goldmacher, L. A. Barton, and J. S. Kane, J.
Org. Chem., 33, 3503 (1968).

5. J. A. Castellano and J. E. Goldmacher, French Patent No. 1,537,000
(1968).

6. Eastman Organic Chemicals, Rochester, N. Y.

7. This criterion for purity has been established by Gray[2] and others.

8. B. L. Goydish and A. Murray performed these analyses. Satisfactory
analysis was obtained for each compound.

9. We have found no significant difference between the transition tempera-
tures obtained with this apparatus and that obtained by the differential
scanning calorimetric technique.

10. J. S. Dave and J. M. Lohar, J. Chem. Soc. (London), 1967, 1473.

11. D. Demus, Z. Naturforsch., 22a, 285 (1967).

12. R. Williams, J. Chem. Phys., 39, 384 (1963).

13. A. P. Kapustin and L. S. Larionva, Kristallografiya, 9, 297 (1964)
[Soviet Physics - Crystallography, 9, 235; AI. P. Kapustin and L. K.
Vistin, Kristallografiya, 10, 118 (1965) [Soviet Physics -

Crystallography, 10, 95]; _. Elliott and J. G. Gibson, Nature, 205,

995 (1965); G. H. Heilmeier, J. Chem. Phys., 44, 644 (1966); R. Williams,
Advances in Cheiiistry Series, 63, 68 (1967); P. Kassubek, quoted in
Ref. 14; L. K. Vistin and A. P. Kapustin, Optika i Spektroskopiya, 24,
650 (1968) [Optics and Spectroscopy, 24, 348); L. K. Vistin and A. P.
Kapustin, Kristallografiya, 13, 349 (1968) [Soviet Physics -
Crystallography, 13, 284].

14. A. Saupe, Angew. Chemie internat. Ed., 7, 97 (1968) (review article).

15. W. Helfrich, J. Caiem. Phys., 51, 4092 (1969).

16. G. H. Heilmeier (private communication) confirmed that the threshold
voltage does not depend on sample thickness, for p-azoxyanisole and the
range 6-10-4 - 5.10-3 cm.

17. See, e.g., i. G. Chistyakov, Usp. Fiz. Nauk, 89, 563 (1966) [Soviet
Physics -- Uspekhi, 9, 551 (1967)] (review article).

46

_bý -I



REFERENCES (Continued)

18. W. Helfrich, J. Chem. Phys., 51, 2755 (1969).
19. Libby-Owens Ford, Liberty Mirror Div., Brackenridge, Pa., 19422.

20. Pittsburgh Plate Glass Co., Glass Research Center, Pittsburgh, Pa.,

15238.
21. Dynasil Corporation, Berlin, N.J. 08009. This material is 1/8 in.

• quartz.

47



UNCLASSIFIED
Securty Classificatlon

DOCUMENT CONTROL DATA- R & D
S--t 0886-1f-W1.e of tiule bud), of Abstraci and .nd.oxfng &-oofeiin m~s besoaregd irhtn the oersall report I. elaeeI111td)

I ORIGINATING ACTIVITY (CorpoQ•nt author) Ia. RIIPOORT SIECURITY CLASSIVICATION

RCA Corporation Unclazsified
RCA Laboratories 10. ar.our .
Princeton. New Jersey 08 540 N/A

3 RKPORY TITLC

FIELD EFFECT LIQUID CRYSTAL

4 OKSCRIPTIVC PNOTKS (?ypeof reporta.d hcuele doft e)

Final Report 19 December 1968 - 18 December 1969
S. AUlNOPIISI (Filet a..,.. Middle initial. fail neM#i)

Joseph A. Castellano Michael T. McCaffi-y Ronald N. Friel
Joel E. (roIdmacher Levis A, Zanoni Allan Sussman
Wolfgani, H. Helfrich Edward F. Pasierb. Jr.

6C RZPORT OATE 10. TOt, UO. Or PAGEs 7b. NO. Or REPS

June 1970 r 21
ge. CONTRACT OR GRAT NO. OL OIGNATOws nEpOnT NUMBERN(S)

F3o6O2-69-C-OlL2 jk(J
b. PROJECT NO

5597 /
c. Tasik No. 2b. OTHER REPORT NOMSI (Anr other numb.r thet may be esslg9ned

559T04tisrpot
d. RADC-TR-70-96

0z tISTRIfUTION STATEMUNT

This documeti is subject to special export controls and each trensmittal to foreign
governments or foreign nationals may be made only with prior approval of RADC (EMBDE),
GAFB, NY 13440.

S-t UPP%.tMENYARY ,OYLS 12. SPONSOMNG MILITARY ACTIVITV

Reme Air Development Center (EMBDE)
Griffiss Air Force Base, New York !3440

IS. A$STRACT

A new series of nematic liquid crystals based on •-alkylcarbonato-•Dalkoxyphenyl
benzoates was prepar'ed. Binary and ternary mixtures of selected derivatives taken
from this series exhibited nematic behavior at or near room temperature. These
materials were found to exhibit a highly efficient scattering system with a gated ac
signal at 120 V. A study of the orientation pattern of domain formation and the
generation of disclination loops was undertaken in en effort to further elucidate the
mechanism of dynamic scattering. A practical and useful technique for the scaling and
encapsulation of liquid cry. a.I cells was developed. This procedure was applied to
the fabrication of two numeric indicators and a transmission window which were
furnished under the contract.

DD, oV 51473 UNCLASSIFIED
Security Classitco~ton



Security'Clascification

IC IN A LINK a LINK CKey 11o 10fos 7
Field effect liquid crystals
Liquid crystals
Disclination -loops
Nemitic compounds
Electro-optic effects
Dynamic scattering

H/

Security Cassification
AC-.Gfl"ls 1• 5 C 4 Jul -


